We calculate the in-medium D andD-meson masses in isospin aysmmetric nuclear matter in an The results of the present work are compared to calculations of the D(D) in-medium masses in the literature using the QCD sum rule approach, quark meson coupling model, coupled channel approach as well as from the studies of quarkonium dissociation using heavy quark potentials from lattice QCD at finite temperatures.
I. INTRODUCTION
The in-medium properties of hadrons is a topic of intense research in high energy physics since the last few decades. The ongoing and future relativistic heavy ion collision experiments, at the high energy accelerators SPS, CERN, Switzerland; SIS, GSI, Germany; RHIC, BNL, USA; LHC, CERN, Switzerland, and the compressed baryonic matter (CBM) experiments at the future facilities at GSI, Germany, are intended to probe matter at high temperatures and densities. The hadrons modified in the hot and dense hadronic medium resulting from heavy ion collision experiments, affect the experimental observables. E.g.,the dilepton spectra observed from heavy ion collision experiments at the SPS [1, 2] are attributed to the medium modifications of vector mesons [3, 4, 5, 6, 7] , and can not be explained by vacuum hadronic properties. The production of kaons and antikaons as well as their collective flow are attributed to the modifications of their spectral functions in the medium [4, 8, 9, 10, 11, 12, 13, 14] . Due to the presence of the light quark/antiquark, the medium modifications of the D (D) mesons can be appreciable in the dense hadronic medium [15, 16, 17, 18, 19, 20, 21] . The observation of open charm enhancement in nuclear collisions [22, 23] as well as J/Ψ suppression as observed at the SPS [24, 25, 26] , can be due to medium modifications of the D (D) in the medium. In higher energy heavy ion collision experiments at RHIC as well as at LHC, the J/Ψ suppression can arise from formation of a quark-gluon plasma (QGP) [27, 28] . However, the effect of the hadron absorption of J/Ψ is not negligible [29, 30, 31] . With the drop in the mass of DD pair in the medium, the It is thus important to study the modifications of the charmed mesons in the medium and hence one has to understand the charmed meson interactions in the hadronic phase.
In the QCD sum rule approach, due to the presence of the light quark/antiquark, the mass modification of the D-mesons arises from the light quark condensate [15, 16, 19] . In the quark meson coupling (QMC) model, the contribution from the m cN term is represented by a quark-σ meson coupling. The QMC model predicts the mass shift of the D-meson to be of the order of 60 MeV at nuclear matter density [21] , which is very similar to the value obtained in the QCD sum rule calculations of Ref. [15, 19] . Furthermore, lattice calculations for heavy quark potentials at finite temperature suggest a similar drop [20, 37] .
In this work we study the medium modification of the masses of open charm mesons (D ± ) due to their interactions with the isoscalar-scalar mesons (σ and ζ mesons), isovectorscalar δ mesons and the nucleons in asymmetric nuclear matter. The medium modification of the properties of kaons and antikaons in (isospin asymmetric) dense nuclear matter has been studied in a chiral SU(3)-flavor model in Ref. [38, 39] and have been extended to include the effects from hyperons in the asymmetric strange hadronic matter in ref. [40] .
We generalise the model to SU(4)-flavor to derive the interactions of the D mesons with the nucleons and scalar mesons and investigate their mass modifications in the asymmetric matter. The masses of the D ± mesons in symmetric nuclear matter have been studied earlier in such an effective chiral model [41] . In a coupled channel approach for the study of D mesons, using a separable potential, it was shown that the resonance Λ c (2593) is generated dynamically in the I=0 channel [42] analogous to Λ(1405) in the coupled channel approach for theKN interaction [43] . The approach has been generalized to study the spectral density of the D-mesons at finite temperatures and densitites [44] , taking into account the modifications of the nucleons in the medium. The results of this investigation seem to indicate a dominant increase in the width of the D-meson whereas there is only a very small change in the D-meson mass in the medium [44] . However, these calculations [42, 44] , assume the interaction to be SU(3) symmetric in u,d,c quarks and ignore channels with charmed hadrons with strangeness. A coupled channel approach for the study of D-mesons has been developed based on SU(4) symmetry [45] to construct the effective interaction between pseudoscalar mesons in a 16-plet with baryons in 20-plet representation through exchange of vector mesons and with KSFR condition [46] . This model [45] has been modified in aspects like regularization method and has been used to study DN interactions in Ref. [47] . This reproduces the resonance Λ c (2593) in the I=0 channel and in addition generates another resonance in the I=1 channel at around 2770 MeV. These calculations have been generalized to finite temperatures [48] accounting for the in-medium modifications of the nucleons in a Walecka type σ − ω model, to study the D andD properties [49] in the hot and dense hadronic matter.
Within the effective chiral model considered in the present investigation, the D(D) energies are modified due to a vectorial Weinberg-Tomozawa, due to scalar exchange terms (σ, ζ, δ) as well as range terms [39, 40] . The isospin asymmetric effects among D 0 and D
arise due to the scalar-isovector δ meson, due to asymmetric contributons in the WeinbergTomozawa term, as well as in the range term [38] .
We organize the paper as follows: We briefly recapitulate the SU(3)-flavor chiral model adopted for the description of the asymmetric hadronic matter [39, 40] in Section II. The properties then are studied within this approach. These give rise to medium modifications for the D-masses through their interactions with the nucleons and scalar mesons as presented in Section III. Section IV discusses the results of the present investigation, while we summarise our findings and discuss possible outlook in Section V.
II. THE HADRONIC CHIRAL
The effective hadronic chiral Lagrangian used in the present work is given as The Lagrangian densities corresponding to the interaction for the vector meson, L vec , the meson-meson interaction L 0 and that corresponding to the explicit chiral symmetry breaking L SB have been described in detail in references [38, 53] .
To investigate the hadronic properties in the medium, we write the Lagrangian density within the chiral SU(3) model in the mean field approximation and determine the expectation values of the meson fields by minimizing the thermodynamical potential [54, 55] .
III. D ANDD MESONS IN THE MEDIUM
We now examine the medium modifications for the D andD-meson masses in the asymmetric nuclear matter. The properties of nucleons and scalar mesons have been studied in the asymmetric hadronic matter within a chiral SU(3) model [39] . We assume that the additional effect of charmed particles in the medium leads to only marginal modifications [60] of these hadronic properties and do not need to be taken into account here. However, to investigate the medium modification of the D-meson mass, we need to know the interactions of the D-mesons with the light hadron sector.
The light quark condensate has been shown to play an important role for the shift in the D-meson mass in the QCD sum rule calculations [15] . In the present chiral model, the interactions to the scalar fields (nonstrange, σ and strange, ζ) as well as a vectorial
Weinberg-Tomozawa interaction term modify the masses for D ± mesons in the medium.
These interactions were considered within the SU(3) chiral model to investigate the modifications of K-mesons in the dense (asymmetric) hadronic medium [38, 39, 40] .
To consider the medium effects on the D andD-meson masses we generalize the chiral SU(3)-flavor model to include the charmed mesons. The scalar meson multiplet has now the expectation value
with ζ c corresponding to thecc-condensate. The pseudoscalar meson field P can be written, including the charmed mesons, as
where w = √ 2ζ/σ and w c = √ 2ζ c /σ. From PCAC, one gets the decay constants for the pseudoscalar mesons as
In the present calculations, the value for the D-decay constant will be taken to be 135 MeV [19] .
We note that for the decay constant of D however (see also [62] ).
The interaction Lagrangian modifying the D-meson mass can be written as [39] 
In (4) the first term is the vectorial interaction term obtained from the kinetic term in (1).
The second term, which gives an attractive interaction for the D-mesons, is obtained from the explicit symmetry breaking term in (1) . The third term arises from kinetic term of the pesudoscalar mesons [39, 40] . The fourth and fifth terms have been written down for the DN interactions, in analogy with the d 1 and d 2 terms in chiral SU(3) model [39, 40] . The last three terms in (4) represent the range term in the chiral model. It might be noted here that the interaction of the pseudoscalar mesons to the vector mesons, in addition to the pseudoscalar meson-nucleon vectorial interaction leads to a double counting in the linear realization of the chiral effective theory [63] . Within the nonlinear realization of the chiral effective theories, such an interaction does not arise in the leading or sub-leading order, but only as a higher order contribution [63] . Hence the vector meson-pesudoscalar interaction will not be considered within the present investigation.
The Fourier transformations of the equations of motion for D andD mesons yield the dispersion relations,
where Π denotes the self energy of the D (D) meson in the medium.
Explicitly, the self energy
where the ± signs refer to the D 0 and D + respectively. In the above, The vacuum expectation value of δ is zero (δ 0 =0), since a nonzero value for it will break the isospin symmetry of the vacuum ( we neglect here the small isospin breaking effect arising from the mass and charge difference of the up and down quarks). In the above, ρ p and ρ n are the number densities of proton and neutron and ρ 
where the ± signs refer to theD 0 and D − respectively.
The optical potentials are calculated from the energies of the D andD mesons is given by the first term of equation (6), and at low densities, this turns out to be much 
One can note from the above equation (9) (the first term of (7)).
The scalar meson exchange contribution to the self energy is given by the second term of equation (6) for D mesons and by the second term of (7) For low baryon densities, one has σ ′ ∼ ρ s ≃ ρ B , and
, so that one would expect the splittings of the masses of D + and D 0 to be symmetrical (about the isospin symmetric matter) for a given baryon density ρ B and isospin asymmetry parameter, η. However, these no longer hold good for higher densities and the mean field σ calculated in the isospin symmetric situation (η=0) turns out to be different for the asymmetric situation when the coupled equations of motions are solved for the scalar mean fields due to the presence of the scalar isovector δ field, as compared to when these equations are solved for symmetric nuclear matter (for η=0) in the absence of the δ meson.
The contributions to the D andD self energies due to range terms are given by the last three terms of the right hand side of equations (6) and (7) respectively. The first term of the range terms given by the third term in (6) is repulsive whereas the second and third range terms have attractive contributions, when the isospin asymmetry is not taken into account. However, the isospin asymmetry, due to a nonzero value of the δ field, leads to an states to DD has been studied in Ref. [18, 33] . It is seen to depend sensitively on the relative momentum in the final state. These excited states might become narrow [18] though the D-meson mass is decreased appreciably at high densities. It may even vanish at certain momenta corresponding to nodes in the wavefunction [18] . Though the decay widths for these excited states can be modified by their wave functions, the partial decay width of χ c2 , due to absence of any nodes, can increase monotonically with the drop of the D + D − pair mass in the medium [18] . This can give rise to depletion in the J/Ψ yield in heavy ion collisions. The dissociation of the quarkonium states (Ψ ′ , χ c , J/Ψ) into DD pairs have also been studied [20, 67] by comparing their binding energies with lattice results on temperature dependence of heavy quark effective potential [37] . , in contrast to the small mass modifications in the coupled channel approach [44, 48] . In our calculations, the presence of the repulsive range term (the fourth term of (4) [36] see e.g. http://www.gsi.de/GSI-future.
